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I 
Abstract  
Due to their extraordinary physical and chemical properties carbon nanotubes reveal a 
promising potential as biomedical agents for heating, temperature sensing and drug 
delivery on the cellular level. By filling the carbon nanotubes with tailored materials they 
can act as a chemically and mechanically stable “nanocontainer”. The carbon shells 
encapsulate the active material and protect it from wear and oxidation. Additional, 
carbon is a perfect material for exohedral biofunctionalisation and so ideal for 
biomedical applications. 
In particular, the filling with magnetic materials offers the potential for hyperthermia 
applications while the insertion of nuclear magnetic resonance active substances 
allows the usage as markers and sensors. In this work the carbon nanotubes are filled 
with platinum and the structural and magnetic properties characterised. Platinum 
exhibits a temperature dependent nuclear magnetic resonance signal so that Pt-filled 
carbon nanotubes nanoscaled contactless temperature sensors are realised. 
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Glossary  
  
  
Abbreviation Name 
CNTs Carbon Nanotubes 
AC Alternating Current 
NMR Nuclear Magnetic Resonance 
MWCNTs Multi-walled CNTs 
SWCNTs Single-walled CNTs 
CVD Chemical Vapor Deposition 
AA-CVD Aerosol-Assisted CVD 
H2SO4 Sulfuric acid 
HNO3 Nitric acid 
H2O2 Hydrogen peroxide 
HCl Hydrochloric acid 
C9H16Pt    
Trimethyl-
methylcyclopentadienyl-
platinum-(lV) 
CH3CN Acetonitrile 
MFH Magnetic Fluid Hyperthermia 
MRI Magnetic Resonance Imaging 
RF Radio Frequency 
FID Free Induction Decay 
SEM Scannig Electron Microscopy 
TEM Transmision Electron  Microscopy 
DSC Differential Scanning Calorimetry 
XRD X-Ray Diffraction 
EDX Energy Dispersive X-Ray Spectroscopy 
HT-CNTs High-Temperature CNTs 
HNO3/HCl  Aqua regia 
H2O2/H2SO4 Piranha solution 
CH2O Formaldehyde 
Pt-CNTs Platinum filled CNTs 
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1. Motivation 
 
Carbon is the fifteenth most abundant element in the Earth's crust and the fourth most 
abundant element in the universe by mass, after hydrogen, helium and oxygen. It is 
present in all known life forms, and in the human body carbon is the second most 
abundant element by mass after oxygen. Carbon is the chemical basis of all known life.  
There are several allotropes of carbon, the oldest known being graphite, diamond and 
amorphous carbon. The physical properties of carbon vary widely with them. Lately, 
new allotropes have been discovered which have opened a wide new world of 
investigation due to its fascinating combination of properties, such as fullerenes and 
carbon nanotubes (CNTs). The latter are cylindrical nanostructures with a large aspect 
ratio (length-to-diameter ratio), which is most of the times responsible for its novel 
properties. They are potentially useful in many applications in nanotechnology, 
electronics, optics and other fields of material science, e.g. sensors, catalysts or 
reinforces in some composites matrices. They exhibit extraordinary strength and 
unique electrical properties, and are efficient thermal conductors. Other interesting 
applications come from the use of its inner hollow cavity. CNTs can be filled with 
tailored materials protecting them from the outer environment and preventing, for 
example, from oxidation. In principle, numerous materials can be simultaneous 
encapsulated inside CNTs, thereby combining multiple functionalities in one kind of 
carrier system, where each of them addresses a specific purpose. 
Due to their nanometre size, CNTs have been thought to be also of great potential in 
the biomedicine area. Recent experiments have demonstrated that they can easily 
penetrate individual cell membranes and can stay inside the cytoplasm. Moreover, 
filling them with therapeutics allows selective delivery of a specific drug to heal or to kill 
the affected cells, without any negative effect on the healthy ones. Another promising 
approach came with the use of thermotherapy, which is based on the delivery of a 
controlled and local amount of heat to destroy malign cells. Hyperthermia therapies are 
a good example of it. In this context, CNTs are filled with a ferromagnetic material 
which under the influence of an alternating current (AC) magnetic field will lead to a 
local in-situ heating. Since malign cells are more sensitive to heating than healthy 
ones, they can be destroyed more easily. The insertion of a nuclear magnetic 
resonance (NMR) active substance inside the CNTs allows the possibility of a 
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2 
temperature control during the process without the need of an external intervention, i. 
e. the design of a contactless nano thermometer.  
In this work, CNTs were filled with platinum, which is a material with a strongly 
temperature dependent NMR signal. In a first step, the filling grade has been 
investigated considering the influence of different parameters which might affect the 
process, such as the wettability of the tubes as well as the influence of a previous 
oxidation step to promote the encapsulation of the material. The second part of the 
investigation was focused on the magnetic properties of the filled CNTs and the 
determination of the temperature dependence of the obtained NMR signal. 
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2. Carbon Nanotubes 
 
2.1 History 
The most common crystalline structures of carbon are diamond and graphite. While 
diamond is among the hardest materials known, graphite is among the softest, and 
both are based on one of the strongest covalent chemical bonds. Diamonds were first 
discovered 6000 years ago in India; its crystal structure is based on four-coordinate sp3 
hybridized carbon atoms forming an extended three-dimensional network. On the other 
hand, graphite was started being used in the Iron Age to paint pottery; it has three-
coordinate sp2  hybridized carbons forming planar sheets, whose motif is the flat six-
membered benzene ring. New technologies and advanced research came with the 20th 
century, and so new carbon modifications were discovered, like the lonsdaleite, the 
carbon fibre or fullerenes. Fullerene, also known as the new carbon allotrope, is a 
closed-cage carbon molecule with three-coordinate carbon atoms tiling the spherical or 
nearly spherical surfaces, the best known example being C60 with a truncated 
icosahedral structure formed by twelve pentagonal rings and twenty hexagonal rings. 
Fullerenes were first discovered by Kroto et al. [1] in 1985 while investigating the 
nature of carbon present in interstellar space and trying to recreate it. They evaporated 
graphite with a laser in helium atmosphere; investigations carried out with a mass 
spectrometer revealed the presence of a particle with a mass number of 720. Further 
investigations revealed that it was about a fullerene particle. These are formed of 60 
carbon atoms, which build 20 hexagons and 12 pentagons (Fig. 2.1). The coordination 
at every carbon atom is not planar but slightly pyramidalized. Its key feature is the 
presence of five-membered rings which provide the curvature necessary for forming 
the closed-cage structure. 
In 1991, Iijima [2] discovered at the negative end of the graphite electrodes, the ones 
used for the evaporation by Krätschmar et al. [3], small needlelike tubes. They were 
lately called “carbon nanotubes”. These tubes had between 2-50 layers. In his first 
experiments, Iijima measured a diameter of 4-30 nm and a length up to 1 µm. These 
kind of nanotubes are also known as Multi-walled carbon nanotube (abbr. MWCNTs) 
and are formed by different layers separated one of each other by approx. 0,36 nm. 
This separation is close (slightly larger) to the separation between the (002) planes of 
graphite [4]. A Single-walled carbon nanotube (SWCNTs) is, on the contrary, a one-
layer carbon nanotube. An example is given in Fig. 2.2. 
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Fig. 2.1: Buckminsterfullerene C60, also known 
as the buckyball, is the smallest stable 
member of the fullerene family. 
Fig. 2.2: A: SWCNTs; B: MWCNTs, with two 
layers separeted by aprox. 0,36 nm. 
 
 
During synthesis CNTs can be capped at the two ends; the capping unit consist of 
pentagons to provide the curvature necessary for closure.  
 
2.2 Structure 
During the formation process of the CNTs, which will be in the next section described, 
a curling of the graphene sheets into a cylinder takes places, introducing a property 
known as helicity. Helicity has several meanings in physics, all referring to a 
phenomenon that resembles a helix; in chemistry it refers to a type of planar chirality 
which, as the name says, is the special case in two dimensions. 
Carbon nanotubes consist of one or more seamless cylindrical shells of graphitic 
sheets. 
The atomic structure of SWCNTs is described in terms of the tube chirality, which is 
defined by the chiral vector, C, and the chiral angle, θ. The chiral vector, also known as 
the roll-up vector and expressed in terms of one-dimensional unit cell, can be 
described by the following equation 
 
C  = na + mb, (2.1) 
 
where a
 
and b are unit vectors, and n and m are integers. A nanotube described in this 
way is called an (n,m) nanotube. The vector C connects two crystallographically 
equivalent sites on a 2D graphene sheet and the chiral angle is the angle it makes with 
respect to the zigzag direction (Fig. 2.3). A tube is formed by rolling up the graphene 
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sheet in such a way that the two points connected by the chiral vector coincide. The 
number of possible chiral vectors can be specified by equation (2.1). 
 
 
Fig. 2.3: The vector model description of the SWCNTs formation. 
 
Depending on the values of n and m, three different main conformations of the CNTs 
can be found, two of them achiral and the third one being chiral. This last one, as all 
chiral structures, has two enanthiomers. The two achiral structures are the two limit 
cases where the chiral angle is at 0° and at 30°. These particular structures are 
referred to as zig-zag (0°) and armchair (30°) based on the geometry of the carbon 
bonds around the circumference of the nanotube. In terms of the roll-up vector, the zig-
zag nanotube is (n,0) and the armchair nanotube is (n,n). The structures derived can 
be seen in Fig. 2.4. 
 
 
 
Fig.2.4: The three types of CNTs: armchair, zigzag and chiral. 
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The roll-up vector of the nanotube also defines the nanotube diameter since the inter-
atomic spacing of the carbon atoms is known. 
 
2.3 Synthesis 
Several methods can be used for nanotube production, both SWCNTs as well as 
MWCNT. The most commonly used are: 
- Arc-Discharge [5], 
- Laser Ablation [6], 
- Chemical Vapor Deposition (CVD) [7]. 
The basic principle of all of these methods is the same: a carbon source is evaporated 
and CNTs are synthesized by means of a catalytic growth in the gas phase. 
The production of CNTs with the arc-discharge method is similar to the one used for 
the production of fullerenes described by Krätschmer et al. [3]. Ebbesen und Ajayan 
[26] describe a device which is in many aspects similar to the arc-discharge method. 
Two graphite electrodes are mounted in a reaction chamber. A continuous current 
produces an arc-discharge under inert atmosphere (e.g. helium or argon). Through the 
emerging arc-discharge, the graphite from the anode atomises and deposits on the 
cooler areas. The graphite electrodes are not in contact, otherwise would take place 
the formation of fullerenes. The MWCNTs are formed in the cathode; at the end of the 
process the anode has to be cooled so that the CNTs can be removed and 
investigated. Some details of the process must be considered when analysing the 
quality of the generated samples. The electric arc is basically dynamic and the regions 
where the discharge originates moves constantly over the electrode surface. As a 
consequence, important temperature variations are produced and this fact is probably 
the origin of the large CNTs size distributions. But the major disadvantage of the arc- 
synthesized CNTs sample is that it also contains an important percentage (30-50%) of 
small polyhedral graphitic particles (3-50 nm) [8]. The MWCNTs obtained are less 
bended, have more shells, crow together and have a length up to 1 µm. Furthermore 
they are nearly free of defects and closed.  
In the laser-ablation method, graphite is evaporated by means of a focused laser. Kroto 
et al. [1] used this procedure to obtain their first fullerenes. With the use of the same 
procedure Guo et al. describe the synthesis for SWCNTs [9] and MWCNTs [10]. The 
graphite is situated in a quartz tubular furnace under 1200°C. At the end of it there is a 
cool element where the CNTs will set out, which means that the CNTs are formed 
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without the use of a catalyst. Their quality is more or less the same as the ones 
obtained by arc-discharge.  
The use of a catalyst in both methods is also possible.  
The chemical vapour deposition method has, in contrast to the previous methods 
described, more possibilities. The skeletal structure of this equipment consists of a 
temperature stable reactor with a furnace. The reaction temperature can vary between 
500 and 1000°C. The principle of CVD is the deposition of a substance in its gas phase 
onto the surface of a substrate. The volatile starting compound, also known as 
precursor, is transported to the reactor. It decomposes there and starts the building of 
the CNTs on the substrate. In this case, the use of a catalyst is compulsory for 
obtaining SWCNTs and MWCNTs. This can already exist in the substrate or be a part 
of the precursor. In the first case, the catalyst is in the main cases fine and 
homogeneously distributed in the carrier material. The size of the catalyst plays a 
decisive role: particles smaller than 3 nm are needed for the production of SWCNTs 
whereas for the MWCNTs, particle size needs to be greater. As carbon sources serve 
here substances which have a spontaneous decomposition at high temperatures. 
Methane, ethane, acetylene and ethylene have such properties and can be used as 
reaction gases. In metallocenes the catalyst is in the starting compound and it forms by 
means of the decomposition. The most commonly used is ferrocene (IUPAC: 
Dicyclopentadienyliron-(II)), which starts to decompose at 460°C via a two step 
reaction —detailed in following chapters—. The main reaction is: 
    
(CH5)2Fe (g)  →  Fe (s) + 10 C (s) + 5 H2. (2.2) 
 
The first step is for the iron to separate from the compound so that it can act as a 
catalyst and decompose the carbon compound. Apart from iron, nickel and cobalt are 
also commonly used. 
In this work, CNTs have been obtained via another CVD variant: the Aerosol-assisted 
CVD (AA-CVD). AA-CVD is a very promising technique because of its low cost,  low 
production temperatures and well suited for scaling up for mass production with a 
defined diameter distribution. Hence, this method will be largely described in the 
experimental part of the work.  
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2.4 Properties 
CNTs owe a great deal of unique properties due to its special structure which make 
them very suitable for new specific applications. In particular, its physical, chemical and 
electronic properties are strongly coupled to carbon's structural conformation and thus, 
its hybridation state [11]. 
Chirality is also one of the characteristic which has significant implications on the 
material behaviour. Specifically, it is known to have a strong impact on their electronic 
properties. Graphite is considered to be a semi-metal, but it has been shown that 
nanotubes can be either metallic or semiconducting, depending on the tube chirality 
[12, 13]. Nanotubes with n – m = 3i, —i being an integer— are metals, while the rest 
are semiconducting [4]. Calculations show that nanotubes may conduct as well as 
copper, although a combination of the degree of helicity and the number of six-
membered rings per turn around the tube can tune the electronic properties into the 
metal-semiconductor range [14]. 
Reactivity of fullerens and consequently, of CNTs is strongly dependent on the 
curvature of the carbon framework. Their outer surface (exohedral) reactivity increases 
with increase in curvature. The reason is because the curved sites are under more 
strain and therefore are more sensible to react than the stable bonds. In comparison 
with fullerene molecules, CNTs are moderatly curved. Consequently CNTs are 
expected to be less reactive than most fullerene molecules. This assumption has also 
an important implication: under oxidation conditions, the capped ends will be the first to 
react resulting in an opening of the tubes [4]. 
CNTs owe strong attractive forces. This facts cause an agglomeration and therefore 
bad dispersion in both polar and apolar solvents. To manipulate them, a physical 
dispersion process, such as sonication, is demanded. Functionalisation of CNTs also 
decreases electrostatic interaction and allows a better dispersion in solvents. 
Mechanical properties as well as physical properties of CNTs related to its structure are 
extensively described elsewhere [15, 16]. From the various experiments carried out by 
different investigating groups, the Young´s modulus is reported to be in around 1 TPa 
and the tensile strength ranging from about some GPa to as large as 120 GPa [17]. A 
temperature dependence of the thermal conductivity is also reported. These results 
suggest that CNTs are exceptionally stiff and strong along their length. 
Other features of nanotubes that offer intriguing possibilities for material science and 
nanoscale experiments are the outer surface and the inner hollow cavity. The outer 
surface can be decorated, also known as functionalization. This process has an effect 
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on the biocompatibility of the CNTs. Pristine nanotubes exhibit a good biocompatibility 
but since the idea of their possible use in medicine as diagnostic and clinical purposes, 
a great effort has been made in order to analyse its biocompatibility and toxicity. 
Studies carried out by S. Garibaldi et al. [18] point out a lack of short-term toxicity while 
D. Pantarotto et al. [19] used a functionalization of the outer shell to improve the 
biocompatibility and appearing to be non toxic for the cell. H. Dai et al. [20] obtained 
functionalized CNTs by chemical modifications and by coating with organic or biological 
molecules as proteins or nucleic acids and observed a nonspecific protein adsorption. 
The other interesting feature already mentioned is the inner hollow cavity. CNTs can be 
opened by means of different oxidant treatments and filled with a vast range of different 
materials offering the possibility of creating nano-containers for a great deal of 
applications.  
For such goals, it is extremely important to understand the wetting properties of 
nanotubes, because they govern what liquid will spontaneously cover the outer 
surface, be drawn by capillarity, mix to form a composite, and so on. In this way, 
capillarity is an indicator of wetting ability and the rules by the ones it is governed are 
below described. 
 
2.4.1 Capillarity and wetting 
Taking into account that CNTs are in the nano field, not all physical laws can be 
applied when talking about filling CNTs. This filling process in the nanoscale range 
occurs by means of capillarity forces. At this point, different concepts have to be well 
understood which at the end will be determinant for a successful filling. The capillarity 
effect is the ability of a liquid to spontaneously rise and therefore fill a narrow space –
such a thin tube. This effect takes place when the inter-molecular cohesive forces 
created by the surface tension in the liquid are smaller than the adhesion forces 
between the liquid and the container, i. e. the nanotube. Under these conditions, it is 
said that the liquid wets the solid. This property is known as wetting. On the contrary, 
when the surface tension of the liquid is bigger than the adhesion forces between the 
liquid and the solid, the liquid will not be able to wet the solid and the liquid is said to be 
nonwetting. From this can be understood that wetting is necessary for observing 
capillarity. Its definition can be also described by means of the Young-Laplace equation 
(2.3) which relates the pressure difference ∆P across the liquid-vapour interface to the 
surface tension of the liquid γ and the contact angle between the solid and the liquid θ 
as follows: 
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                                                             ∆P = 2 γ cos θ r –1,  (2.3) 
 
where r is the radius of curvature of the meniscus. The size of the contact angle shown 
in Fig. 2.5, is critical; ∆P will be negative if θ is larger than 90°C. 
 
 
Fig. 2.5: Contact angle of a liquid on a solid surface. 
 
In such a case the contact angle is said to be nonwetting and pressure must be applied 
to cause the liquid to enter the tube. Further lecture can be found in [21]. Ebbesen et 
al. performed several experiments in this field [22, 23] concluding that the determining 
factor for wetting appears to be the surface tension, with a cut-off value of 200 mN/m. 
This value is a low number comparing to the surface tension of most of liquid metals. 
Therefore, liquid metals neither fill nor wet the nanotubes. On the other hand, this 
threshold surface tension value is high enough to let water or most of organic solvents 
(γ ~72 mN/m) wet them. For that reason, one approach to filling CNTs with metals of 
high surface tension is to mix them or compounds of them with a solvent of low surface 
tension which acts as a carrier for the introduction of the metal compound into the 
inside hollow of CNTs. This attempt was already achieved by Tsang et al. [24] with a 
nickel compound.  
 
As it was pointed out in the motivation chapter, the aim of this work is to fill CNTs with 
platinum. Values in the literature of its surface tension are about 2200 ± 300 mN/m [25, 
26]. From this value one can directly see that it is much bigger that the boundary limit 
found by Ebbesen et al.; For that reason, the method here chosen to fill the nanotubes 
was the wet chemical one, using acetonitrile as the carrier solution which owns a 
surface tension value of 29,29 mN/m at 25°C [27]. The filling of the tubes takes place 
however at 80°C; it is therefore interesting to have a look at the temperature 
dependence of the surface tension.  
The kinetic energy of the molecules and the distance between them is increased at 
high temperatures. This cause the force between the molecules of the two surfaces to 
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decrease and therefore the surface tension decreases as well. The relationship 
between the surface tension and the temperature is approximately linear and given by 
the Eötvos rule (2.4).  
                                                             ( )TTkV c −=3
2
γ ,  (2.4) 
 
where V is the molecular volume, Tc the critical temperature, T the work temperature 
and k is known as the Eötvös constant, which for most liquids is equal to 2,1x10-7 JK-
1mol-2/3. The molar volume is given by the molar mass M divided by the density ρ. 
The initial empirical formula introduced by Baron Loránd von Eötvös was later several 
times reviewed giving rise to different corrections. The best known accepted and 
commonly used is the one made by Adamson et al. [28], where the temperature term is 
corrected with a factor of 6 Kelvin. Substituting value of V and rearranging, the surface 
tension can be written as: 
 
                                                      ( )KTT
M
k c 6
3
2
−−





=
ργ .  (2.5) 
 
With the rise of temperature ρ decreased and since γ varies directly with (ρ/M)2/3 it can 
be easily understood that surface tension also decreases. Theoretical values for 
acetonitrile are: Tc = 545 K, T = 353 K, ρ  = 0,777 g/ml and M = 41,05 g/mol. 
Substituting in equation 2.5, we got a final value of surface tension of 28 mN/m. This 
value is not far away from the one at 25°C found in literature (~29,29 mN/m) but slightly 
smaller, which is in accordance with the statement of the Eötvös rule. 
As a conclusion, a filling process of the CNTs with platinum by means of the carrier 
solvent is expected. 
 
2.4.2 Reduction potential 
Because of their hydrophobic nature, carbon nanotubes tend to agglomerate hindering 
their dispersion in solvents, viscous polymer melts or metal matrices, among others. 
Effort has been directed at modifying the surface of the carbon nanotube to reduce 
hydrophobicity and improve interfacial adhesion by generating surface groups through 
acid-induced oxidation of its surface. 
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The purification and oxidation of CNTs has been well represented in literature [29-32]. 
These processes are important for the introduction of surface functional groups. During 
acid oxidation, the carbon-carbon bonded network of the graphitic layers is broken 
allowing the introduction of oxygen units in the form of carboxyl groups which are 
suitable for a subsequent functionalization.  
The oxidation process begins with the oxidation of the initial defects that arise during 
the CVD growth of the CNTs and with the capping of the ends. Then oxidants attack 
the rest of the graphene structure generating active sites, —known as defects and 
being mainly –OH, –C=O and –CO2H— on the outer wall of the tube (Fig. 2.6). Liu et 
al. also report a shortening of the tubes after oxidation [33, 34]. 
The most common acids used in literature [29-32] are a combination of H2SO4, HNO3, 
HCl and H2O2 in different stoichiometries, times of reaction and temperatures.  
 
 
Fig. 2.6: Organic functionalization of CNTs. 
 
The induction of defects in the surface of the tubes allows not only a 
biofunctionalization but also enhances the reduction of other compounds in the vicinity. 
In pristine CNTs, carbon exists in a ± 0 oxidation state; under the presence of defects, 
carbon adopts a +3 oxidation number, having free electrons to give. The highest 
oxidation state for C is +4, which means that one more electron can be given; however, 
it is easier to oxidize C from the oxidation state +3 to +4 than from the very stable 
oxidation state ± 0 to +4. In solution, the reaction which takes place is as follows: 
 
                                    –COOH + OH¯  ⇌ CO2 + H2O + 1e.-  (2.6) 
 
In this way, more carboxylic groups can be attached to the CNTs. 
Regarding the fact that platinum belongs to the noble metals group, it owns a strong 
resistance to corrosion and chemical attack; on the other hand, it has also a strong 
tendency to reduce from the ionized form to the ± 0 state due to its high reduction 
potential ( EPt2+/Pt±0 = 1,18 V, EPt4+/Pt±0 = + 2,28 V ). From this assumption, a higher 
+3 +4 
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degree of platinum reduction is expected with the increase of acidic groups in the CNTs 
walls able to transfer more electrons.  
2.4.3 Filling feasibility 
Since Ajayan and Iijima first reported about the filling of CNTs [35], numerous new 
investigations were carried out in order to find the most optimal way of encapsulating a 
vast type of different materials inside the tubes for specific applications. The procedure 
to fill nanotubes may be classified in two groups: the chemical method, using wet 
chemistry [24], and the physical method, where no solvent is used [36]. For this work, 
the chemical method was selected. Its procedure seems sometimes to present a 
temperature and concentration dependence, along with other chemical conditions such 
as the redox potential or the solubility, which also contribute to a successful filling. 
Hence, the election of the solvent as well as the platinum initial compound is a 
determinant point. 
Markus Nohr studied in his Studienarbeit the effect of temperature and concentration of 
different platinum compounds in different solvents [37]. As platinum initial compounds, 
he worked with Platinum(ll) acetylacetonate ( Pt(acac)2 ), Platinum(lV) chloride ( PtCl4 ) 
and Trimethyl-methylcyclopentadienyl-platinum-(lV) ( C9H16Pt ). From his investigation, 
he concluded that the last one was the best option because, in contrast to the other two 
compounds, it does not decompose and just evaporates when warmed up. He also 
tested four different solvents for the C9H16Pt, namely chloroform ( CHCl3 ), acetone ( 
(CH3)2CO ), ethanol ( C2H5OH ) and acetonitrile ( CH3CN ). Best results were found 
with the latter one. Time, temperature and concentration used in the filling process of 
the present work are taken from the best results of the mentioned work. 
In C9H16Pt, platinum is present in his fourth oxidation number. As it was mentioned 
below, it is capable to reduce to Pt ±0 which will assure the complete reduction of the 
compound to the pure metal. On the other hand, C9H16Pt melting point is around 29°C. 
If the compound is not all reduced during the filling process, it would evaporate when 
filtered and dried, leaving the tubes with only the reduced platinum. 
 
2.5 Applications 
The quick review on the properties of CNTs in section 2.3 points to plenty of novel 
applications. The electronic properties of CNTs seem promising in nanoelectronics. 
They can be used as conductive and high-strength composites [38], as energy storage 
devices [39], gas sensors [40], field emission displays [41], sensors for magnetic force 
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microscopy (MFM) [42], for mass transport [43], or hydrogen storage media [44], 
among others [45]. Due to its large aspect ratio they are also expected to have special 
features of low-dimensional materials [13]. 
Furthermore, CNTs are also potential candidates for the use in the biomedical area. 
The possibility of encapsulating tailored materials in its inner cavity offers the 
opportunity to use them as nanoscaled containers for heating, temperature sensoring 
and drug delivery in this field [46].  
 
2.5.1 Biomedical applications 
Strong adverse effects on the healthy tissue in the vicinity of a tumour are a major 
drawback in current cancer therapies. Moreover, when the tumour reaches one vital 
organ there is a very difficult and most of the times no reliable cure. One innovative 
technological approach to solve this problem focuses on therapies emerging from the 
field of nanotechnology based on the usage of magnetic nanoparticles at the cellular 
level [47, 48]. One of the most important reason why magnetic nanoparticles have 
attractives possibilities in biomedicine is because of their controllable nanometric size, 
which places them at dimensions that are smaller than or comparable to those of cells 
(10-100 µm). Moreover, magnetic nanoparticles can respond to an oscillating magnetic 
field by transfering energy from the exciting field to the nanoparticles site. The so-called 
magnetic fluid hyperthermia (MFH) is a therapeutic application of magnetic 
nanoparticles, which achieves a selective heating of cancerous tissues by 
accumulating biofunctionalized superparamagnetic nanoparticles in the tumour [49]. 
The main idea came with the usage of ferromagnetic particles, in which the heating 
effect is based on the physical principle that AC magnetic fields cause an hysteresis 
loop by which, if not completely reversible, magnetic energy is transformed into heat. In 
the nanoscale, when particles are formed by a few atoms, the multiple domains of 
ferromagnets disappear becoming a one-domain particle which behaves as a 
superparamagnetic particle. In this context, the heating effect takes place by the 
rotation and motion of the particles under the effect of an AC magnetic field. When 
temperature of the induced heating is about 41-42°C and maintained in the target 
volume, a cell-killing effect is observed. In this context, an accurate temperature 
monitoring during such hyperthermia treatments is mandatory. One of the latest and 
promising studies points to the use of CNTs as carriers of the system. 
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The container feature of CNTs allows, in principle, simultaneous filling with different 
materials, thereby combining multiple functionalities in one kind of carrier to address 
specific purposes (Fig.2.7). 
 
 
Fig. 2.7: Sketch of a filled CNTs serving as a multi-functional container for in-vivo applications. 
 
In general terms, the ferromagnet induces heat in AC magnetic fields and a 
temperature sensor, in this case the platinum, serves as a thermometer. Moreover, 
additional drug delivery can be envisaged as well as exhohedral functionalisation to 
achieve biocompatibility or target recognition, amongst others.  
  
2.5.2 Temperature sensor 
For a MFH treatment an accurate control of the tissue temperature is mandatory. 
Currently, in clinical trials already available for this therapy, temperature is controlled by 
a clinician's intervention by placing thermocouples into the tumour. A new challenging 
approach is to develop a nanoscaled thermometer for temperature control without the 
need of an external intervention. Since then, the idea of using magnetic fields for 
temperature sensing emerged. One of the best alternatives was found in magnetic 
resonance imaging (MRI) using H signals, yielding high-resolution three-dimensional 
maps delineating morphological features of the specimen. The method seems to be the 
most promising among the temperature mapping methods because arbitrary regions 
can be extracted in a tree-dimensional body, no contrast media is needed and no 
radiotoxicity is induced [50]. Several studies can be found elsewhere [51-53]. However, 
MRI using unshielded proton signals is not a good method when the hyperthermia 
treatment is done by means of superpara- or ferromagnetic particles because 
unshielded magnets introduce magnetic-field inhomogeneities that reduce MRI 
contrast. 
NMR/MRI using a shielded sensor for temperature control presents a good alternative 
to solve this problem. Filling CNTs with a material with strongly temperature-dependent 
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NMR parameters offers the possibility of temperature sensing without toxic adverse 
effects due to the protecting carbon shell. 
First attempts to realize such an in-vivo temperature sensor have been achieved by 
filling CNTs with CuI, as many alkali and cuprous halides are known to show 
pronounced temperature dependencies of NMR parameters [54]. In this last refered 
study, A. Vyalikh et al. prove the feasibility of a contactless local and non-invasive 
temperature control by virtue of a carbon-wrapped nanoscaled thermometer. 
Temperature detection was possible with an accuracy of 2 K which is an encouraging 
result for a good starting point. Nevertheless, further filling materials have to be 
investigated as for a competitive application in biomedicine, an accurancy around 
~0.1°C is demanded. New candidates are suggested to be within the group of metallic 
and/or magnetic materials as filling agents, since they usually exhibit large relaxation 
rates as well as a strongly temperature-dependent susceptibility. 
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3. NMR Principles 
 
Working with magnetic fields offers a great deal of advantages in the field of biomedical 
applications. First of all, and maybe the most important characteristic is that magnetic 
fields are totally biocompatible; they penetrate the tissue non-invasively and without 
adverse effects. Moreover, they have a weak interaction with organic matter, which 
means that deep layers of human tissue can be reached.  
Depending on their characteristic properties, magnetic fields also offer different 
possibilities to manipulate a ferromagnetic sample inside the human body: a static field 
fixes the nanoparticles at a precise position; they can be moved by applying a gradient 
field; and with the use of an AC field a local heating can be induced.  
These are some of the reasons why magnetic fields are so commonly used in the 
medical area. As it has been seen, techniques like MRI or NMR are based on its use. 
Thus, in the following chapter some important aspects about magnetism and the bases 
of the NMR technique will be described. The aim of the chapter is not to give an 
extended view of the field as for this purpose there exist numerous excellent specific 
books and literature [55, 56], but to give an overview of the basics one may need to 
understand the final results of this project. 
 
3.1 Theoretical aspects 
NMR is an experimental method based on the magnetic properties of nuclei in 
magnetic fields, which can be used to get structural and magnetic information about the 
sample under study. The global idea behind is based on the fact that nuclei are 
capable to orientate themselves in the direction of an external static magnetic field. In 
this situation, the nuclei rotate with a frequency proportional to the magnetic field. If an 
electromagnetic wave with the same frequency is emitted, they can capture the energy 
and give it back when the electromagnetic wave is turned off. The characteristics of this 
returned energy give information about the molecular, charge and magnetic 
environment of the investigated nucleus via interactions with their environment. 
 
Every nucleus which has an odd neutron and/or proton number, possesses a property 
called spin (I) which makes them precess around themselves. This rotation generates a 
magnetic field i. e., a magnetic moment µ, described by equation (3.1): 
                                                         µ = γ ·I,                                                              (3.1) 
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where γ is the gyromagnetic ratio, which is an element specific constant. Under normal 
conditions the spin vectors are randomly oriented (Fig. 3.1). However, when an 
external magnetic field is applied, they align in the field direction as shown in Fig. 3.2. 
This alignment is also known as polarisation.  
Quantum mechanics require that the orientation of a magnetic moment with respect to 
the field is quantized. The number of allowed orientations is 2I+1. In the case of 
platinum, I = 1/2 leads to two possible orientations designed as m I = +½ and -½, i.e., 
parallel and antiparallel to the field. Without the presence of a magnetic field, both 
states are energetically equal. In the presence of a magnetic field, the energy levels 
differ from each other: a lower energy state, where the dipoles are oriented parallel to 
the external magnetic field, and an upper energy state, where they are antiparallel 
aligned (Fig. 3.3).  
 
 
Fig. 3.1: Dipole orientation in normal conditions 
(example of the hydrogen nucleus). 
 
Fig. 3.2: Dipole alignment in an applied 
magnetic field (example of the 
hydrogen nucleus). 
 
 
 
Fig. 3.3: Dipole orientation with and without the effect of a magnetic field. The energy difference between 
upper and low energy states is shown. 
Platinum filled CNTs as temperature sensor for biomedical applications 
 
 
19 
 
Classically, the energy of a magnetic moment µ in a magnetic field B0 is  
 
 E = - µB0.                                                         (3.2) 
 
A magnetic moment parallel to the field, i. e., in a lower energy state, can undergo a 
transition to the higher energy state by receiving an appropriate amount of energy 
given by a photon. This is only the case, if the energy of this photon does exactly 
match the energy difference between the two resonance states. By Planck's law, the 
energy required to reverse the orientation of a moment is quantized and written as 
 
                                                         E = h ν =  ħ ω,                                                   (3.3) 
 
where ħ=h/(2π) is the Planck constant. 
 
Apart from a rotation around themselves, the nucleus further describes a precession 
around the static external magnetic field direction. This means that the magnetic 
moment vector is not really parallel to the field, but that it draws a cone, as depicted in 
Fig. 3.4. 
 
Fig. 3.4: Trajectory described by the magnetic moment vector. 
 
The precession frequency of the nucleus is known as the Larmor frequency. To excite 
a spin from the lower level to the upper one, the frequency of the photon that has to be 
emitted needs to be equal to the Larmor frequency (resonance condition): 
 
                                                           E = ħ · ωL.                                                    (3.4) 
 
On the experimental side, the energy needed to excite the nucleus is given by an 
external source of radio waves which is provided by a radio frequency (RF) pulse 
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generating an oscillating magnetic field B1, i.e., an electromagnetic wave. The B1 
magnetic field is generated by sending an AC current through a coil, which is placed in 
the xy-plane, i.e., perpendicular to the B0 field parallel to the z direction, and thus 
provides an oscillating magnetic field in the mentioned xy-plane. By switching on the 
alternating current through the coil for a short, specific period of time, a pulsed B1 
magnetic field is created. A sketch of the installation can be seen in Fig. 3.5. 
 
 
Fig. 3.5: Sketch of the basic NMR equipment and the directions of the magnetic fields involved in the 
experiment. 
 
Moreover, when placed in a magnetic field of strength B0, the frequency ω also 
depends on the gyromagnetic ratio of the particle and the magnitude of the field: 
 
                                                           ω = γ ·B0.                                                         (3.5) 
 
Using equation (3.3) this yields to 
 
                                                          E =ħ ·γ ·B0.                                                       (3.6) 
 
From equation (3.6) it is seen that the energy depends on the magnetic field (E is 
proportional to B0). The energy of the two spin states can be also represented by an 
energy level diagram (Fig. 3.6), where the mentioned dependence can be graphically 
visualized: the larger the magnetic field, the larger the energy difference. 
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Fig. 3.6: Correlation between the external magnetic field and the energy difference between the two 
nuclear energy levels. 
 
To better understand the behaviour of the sample, it is convenient to use a vector 
model based on a Cartesian coordinate system; a macroscopic view is more 
convenient. One describes a spin packet as a group of spins experiencing the same 
magnetic field strength. At any instant in time, the magnetic moment of the spins in 
each spin packet can be represented by a total magnetisation vector. The size of the 
vector is proportional to the ratio between the number of spins in the lower energy lever 
and the number of spins in the upper level. The vector sum of the magnetisation 
vectors from all the spin packets is the net magnetisation M
 
= Σ mi.                                                                             
In order to describe pulsed NMR it is necessary to consider the net magnetisation, i.e., 
the signal obtained in an NMR experiment. Adapting the conventional NMR coordinate 
system, the external magnetic field and the net magnetisation vector in equilibrium 
state are both along the z axis. 
The net magnetisation vector can be decomposed into its two components: the 
longitudinal one in the z direction and the transversal one in the xy plane (Fig. 3.7). 
 
Fig. 3.7: Components of the nuclear magnetisation vector. 
 
In equilibrium state, the longitudinal component of the net magnetisation vector 
possesses the direction of the external magnetic field and is maximal. This equilibrium 
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value is known as M0 (Fig. 3.8); on the other hand, the transversal component of the 
net magnetisation is zero, as every nucleus precesses a different phase and as the 
statistic average of the nuclear spin ensemble in the xy-plane is compensated (Fig. 
3.9). 
 
 
   Fig. 3.8: Longitudinal component of the net 
magnetisation. 
 
 
Fig. 3.9: Transversal component of the net 
magnetisation. 
Like already mentioned before, it is possible to change the net magnetisation by 
exposing the nuclear spin system to an electromagnetic wave with a frequency equal to 
the energy difference between the nuclear energy levels. This energy contribution will 
move the net magnetisation vector from its equilibrium state into the xy-plane.  
If enough energy is put into the system, it is possible to saturate the spin system and to 
completely eliminate Mlong (Mz) (Fig. 3.10). In addition to this rotation of M0 into the xy-
plane once the RF pulse stops, the net magnetisation starts to dephase in the xy-plane 
because each of the spin packets starts to experience a slightly different magnetic field 
and thus will rotate at its own frequency. The longer the elapsed time, the greater the 
phase difference and thus the smaller the net signal Mxy  (Fig. 3.11).  
 
 
Fig. 3.10: Evolution of the longituninal (z) 
component of the net 
magnetisation during exitation. 
 
 
 
 
     
Fig. 3.11: Evolution of the transversal (x-y)    
component of the net 
magnetisation after exitation. 
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Fig. 3.12 shows the evolution of the total magnetisation vector after a 90° pulse has 
been applied. It can clearly be seen how the M vector, which was initially aligned in the 
z direction, changes its direction. Note that the real trajectory of the magnetisation 
vector draws a circle around the z axis due to the precession of the spins (Fig. 3.13). 
 
 
 
Fig. 3.12: Effect of a 90° Pulse on the 
magnetisation vector. 
            
 
Fig. 3.13: Real trajectory of the magnetisation 
vector during a 90° pulse is applied.
 
The return to equilibrium state is known as system relaxation and is governed by two 
time constants: T1 and T2. T1 is the time constant which describes how Mz returns to its 
equilibrium value M0 and it is called the spin-lattice relaxation time. The equation 
governing this behaviour as a function of time t after its displacement is described in 
equation (3.7).  
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The time constant which describes the return to equilibrium of the transverse 
magnetisation Mxy is called spin-spin relaxation time; it is named T2 and can be 
described following:  
                                                        
2
0,
T
t
xyxy eMM
−
⋅=                                                 (3.8) 
 
Figs. 3.14 and 3.15 depict the evolution of the longitudinal and transversal components 
of the magnetisation, respectively. As T1 increases exponentially from zero to its 
constant value M0, T2 decreases exponentially from a maximum value to zero. Both 
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processes take place at the same time, where T2 is always smaller than T1 (the rate of 
decay in the xy plane is always faster than the rate of recovery in the z plane). 
 
 
Fig. 3.14: Evolution of the longitudinal 
component of M with time (T1). 
 
Fig. 3.15: Evolution of the transversal 
component of M with time (T2).
 
Since the coil to detect the signal lies in the xy-plane, the transversal component of M 
is the one that has the information about the resonance frequency of the nuclei. A 
sketch of the relaxation movement when returning to equilibrium once the pulse is over 
is presented in Fig. 3.16 
 
 
 
Fig. 3.16: Evolution of the magnetisation as function of time a) three-dimensiona, b) two-dimensiona, c) 
one-dimensional, as function of time. 
 
The temporal evolution of the one-dimensional projection of Mxy (Fig. 3.16, c) is known 
as the Free Induction Decay (FID) and is the basic signal obtained in NMR. Relaxation 
times, amongst other nuclei characteristics, are obtained from it. Processing the FID 
with the Fourier transform (FT) the NMR spectra is obtained, which plots the same 
evolution as function of frequency (Fig. 3.17). 
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Fig. 3.17:  Fourier transform of the FID. 
 
The RF pulse also plays an important role, as it is responsible for the energy 
contribution during the excitation process. It is described by means of its frequency, 
power and duration. The energy applied is controlled by means of the powder and its 
duration, which at the same time establish the rotation angle of M (Eq. 3.9). 
 
                                                      tB ⋅⋅= 1γθ ,                                                         (3.9) 
 
where t is the duration ―time― during which the pulse is maintained. 
The determination of the resonance frequency, as well as the line width is done by 
means of one unique pulse. On the contrary, measurements of the relaxation times T1 
and T2 are done with the use of a pulse sequence. T1 is measured using the so-called 
Inversion-Recovery Sequence, while for the T2 the Hahn-Spin-Echo Sequence is 
commonly used. This last method is briefly detailed below in order to give an overview 
of the systematic procedure. For further lecture see [55]. 
 
The Hahn-Spin-Echo sequence refers to the refocussing of precessing nuclear spin 
magnetisation by a 180° pulse of resonant RF. The NMR signal observed following an 
initial excitation pulse decays with time due to both spin-spin relaxation and effects due 
to an inhomogeneous magnetic field B0 which cause different spins to precess at 
different rates, e. g., a distribution of magnetic fields gradients, among others. 
Relaxation leads to an irreversible loss of magnetisation. The inhomogeneous 
dephasing can be eliminated by applying a 180° pulse that inverts the magnetisation 
vectors. If the inversion pulse is applied after a period τ of dephasing, the system will 
rephrase to form an echo at the time 2τ (see Fig. 3.18). 
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 Fig. 3.18: Spin-Echo Sequence. 
 
 
In order to measure T2, the sequence has to be repeated with several values of the 
interpulse delay τ (Fig. 3.19). The resulting plot is the graphic already seen in Fig. 3.15. 
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Fig. 3.19: T2 acquisition. 
 
 
For further lecture see [57]. 
 
3.2 Temperature Dependence of NMR properties 
Accurate control of the tissue temperature is mandatory in any hyperthermia approach. 
In this study, temperature detection and control is expected to be realized by means of 
specific NMR parameters which are strongly temperature dependent between ~290-
330K. These are the spin-spin and the spin-lattice relaxation times, the resonance 
frequency, dipolar or scalar couplings and the electrical quadrupole coupling (the latter 
for I > ½). These parameters adopt different values depending on the working 
temperature, each of them having a different behaviour for every compound. 
For the design of the nanoscaled thermometer, this study has been focused on the 
temperature dependences of the resonance frequency and the relaxation times T1 and 
T2. 
 
3.3 The use of platinum 
Platinum belongs to the noble metals group. It shows strong temperature dependent 
NMR parameters and it exhibits a very intense and narrow NMR signal. Its sensitivity 
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relative to 1H is ~3,4 · 10-3, and its gyromagnetic ratio is also rather high in comparison 
to other nuclei (γ = 9,1532 Mz/T), which will determine the characteristic value of 
magnetic splitting of the energy levels in the magnetic field. To all these remarkable 
properties it has to be added the biocompatibility of the metal, a fact that make it 
perfectly suitable in the present biomedical application. 
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4. Experimental 
  
In the next section, the different experimental procedures used in this work will be 
exposed. First of all, a brief description of methods and techniques used for 
characterisation of the sample is presented, followed by a detailed description of the 
procedure for the preparation of the samples. 
 
 4.1 Methods of characterisation  
4.1.1 Raman spectroscopy 
The Raman spectroscopy is a technique used to study vibrational, rotational and other 
low-frequency modes in a system and it relies on inelastic scattering of monochromatic 
light –usually from a laser in the visible, near infrared or near ultraviolet range– 
received from the studied sample after being illuminated. 
The Raman experiments in this work were all performed in a Raman-Fourier-
Transform-Spectrometer IFS 100, with a wavelength of 633 nm. The samples were 
carefully prepared on an aluminium foil. 
 
4.1.2 Electron Microscopy 
Structures in the micro and nano domain require to be observed with a bigger 
magnification and finer resolution, far away from what the conventional optical 
microscopy offers. The challenge is achieved by illuminating the sample with an 
electron beam instead of conventional light because these ones have wavelengths 
about 10.000 times shorter than visible light. There are two main types of electronic 
microscopes: the SEM and the TEM, its use depending on the desired investigation. 
   
4.1.2.1 SEM 
SEM is the acronym of Scanning Electron Microscopy. The image is produced by 
means of the reconstruction of the signal of the secondary electrons emitted by the 
sample once it has been irradiated. Here we investigate the samples with a NOVA 
NanoSEM 200 [0-30 kV], Comm. FEI Company, Hillsboro, OR, USA.  
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4.1.2.2 TEM 
TEM is the acronym of Transmission Electron Microscopy. The image here is obtained 
by the transmitted electrons from the sample once it has been illuminated. TEM is an 
order of magnitude better than SEM but it does not allow the acquisition of three-
dimensional images. It was used a TECNAIF30, [300 kV], Fei Company. 
 
4.1.3 Thermo Gravimetric Analysis 
Thermo Gravimetric Analyses (also known as TGA) were performed to all filled 
samples. Among the different variables of this technique, it was used the Differential 
Scanning Calorimetry (DSC). The apparatus used was a SDT Q600 from TA 
Instruments. Measures were made with an aluminium oxide crucible, with a heating 
rate of 20 K/min in a pure oxygen atmosphere. 
 
4.1.4 X-Ray Diffraction 
The identification of the different end compounds was carried out with a X-Ray 
Difractometer, MiniFlex, Comm. Rigaku Corp., Tokyo, Japan, with Cooper tube 
(wavelength λKα1 = 1,5406 Å). 
 
4.1.5 Energy Dispersive X-Ray Spectroscopy 
Energy Dispersive X-Ray (abbr. EDX) experiments were performed as complementary 
investigation about the filling degree and also in order to determine the presence of 
remaining catalyst particles. Experiments were performed with a XL30 from FEI. 
 
4.1.6 NMR Spectrometer 
NMR experiments were done by means of a NMR spectrometer from Tecmag, 500 
MHz, Double Resonance Spectrometer. 
 
4.2 Sample preparation 
In this work the filling of the CNTs with platinum is the most important step and it has to 
be precisely controlled and efficiently optimized. Due to the reduction properties of the 
platinum, it has been seen that a previous oxidation treatment of the nanotubes 
induces more defects on the outer shell of the tubes and it promotes the reduction 
process and therefore the amount of filling. 
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All steps followed from pristine nanotubes until the filled ones were performed by 
means of wet-chemical methods. 
 
 
4.2.1 Synthesis of the carbon nanotubes 
As it was introduced in Chapter 2, CNT can be obtained via several methods. The 
CNTs used in this investigation were produced by means of the already explained AA-
CVD. Its experimental set-up is described as proceed. Fig. 4.1 shows a sketch of the 
equipment.  
 
 
Fig. 4.1: Schematic representation of the set-up used for the AA-CVD process. 
 
The solution used was ferrocene (IUPAC: Dicyclopentadienyl iron) diluted in m-xylene. 
An ultrasonication bath produces an aerosol. Ferrocene acts as the catalyst precursor 
and m-xylene is the carbon feedstock. The aerosol droplets produced by 
ultrasonication with an excitation frequency of 850 kHz are transported by the carrier 
gas flow. They are then accelerated to the reaction furnace by the dilution gas; for both 
carrier and dilution gas it has been used argon. An additional gas inlet is attached to 
introduce the reaction gas (hydrogen) into the hot zone of the reaction tube. There, the 
solvent evaporates and ferrocene decomposes to provide the iron catalyst required to 
nucleate nanotube growth. Afterwards, the iron catalyst particles are deposited on the 
inner wall of the quartz reaction tube, on a substrate or on the already grown material 
and act as active nucleation centres for nanotube growth. 
The reactions that take place during the process are as follows described: 
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                    Fe(C5H5)2 + n H2  →  Fe + 2 C5H5+n,      T>450°C,         n = 0, 1, 2, 5,      (4.1) 
 
                    2 C5H5+n (g)  →  10 C (s) + (5+n) H2 (g),     T>750°C.                                 (4.2) 
 
The obtained CNTs can easily be removed from the surface by scratching or by 
treating the substrate in an ethanol solution for some minutes in an ultrasonication 
bath.  
The effects of solution and reaction parameters on the growth and final properties of 
the CNTs can be found elsewhere [58].  
Fig. 4.2 and 4.3 show a TEM and a SEM image, respectively, of the CNTs after 
synthesis.  
 
  
 Fig. 4.2: TEM picture of a CNT. 
 
 
Fig. 4.3: SEM picture of CNTs.
 
The as grown material has an outside diameter between 10-60 nm, an inner diameter 
bigger than 6 nm and a length between 20-100 µm. 
 
4.2.2 Purification of the carbon nanotubes 
Nanotubes obtained via AA-CVD can have some traces of the catalyst and have some 
amorphous carbon in the outer shell, as well as some nanoparticles (fullerenes). All 
these impurities can be mainly removed using a previous purification process. 
Oxidizing the sample at elevated temperatures remove the fullerenes (they are 
consumed faster than the nanotubes because their greater aspect ratio gives to the 
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latter ones a survival advantage [13]). A following wet oxidation with diluted HCl 
consumes the remaining catalyst particles. 
The as grown material is treated half an hour at 450°C on air in a tube furnace. 
Thereafter, the sample is treated another half an hour in the ultrasonication bath with 
diluted HCl (HCl:H2O – 1:1 – 18,5%). It is then stirred between two and three hours at 
80°C on a hot plate, filtered and washed with destilled water until neutralised. The 
sample is then dried overnight at 108°C. 
 
Although this way of purifying CNTs has a high degree of effectiveness, it cannot 
assure the complete elimination of all the mentioned impurities. Regarding the aim of 
this work, we need to be able to determine exactly the platinum quantity inside the 
tubes once they are filled. Because of this fact, CNTs used in this work were purified by 
annealing them at 2500°C for 1h. The obtained material is known as High Temperature 
CNTs (HT-CNTs). In this way, all catalyst particles and amorphous carbon are calcined 
and the only carbon remaining is the one which comes from the nanotubes itself. This 
has major advantages when determining the platinum content by means of thermal 
gravimetric analysis, where the tubes are burned and the determination takes place by 
difference of initial and final weight. In the presence of other impurities the final weight 
cannot be discerned. 
The drawback of high temperature carbon nanotubes is that after this treatment they 
are more stable and the oxidation step is less effective. That is why in the oxidation 
step, temperature and time is larger than for as grown CNTs (AA-CVD). 
 
4.2.3 Opening of the carbon nanotubes 
To fill the inner hollow of the tubes, they have to be previously opened. The nanotubes 
can be uncapped by several methods [59, 60]. In this work, the opening of the CNTs 
has been done using a wet chemical method.  
After being purified (for the AA-CVD CNTs) and directly after synthesis (for the HT-
CNTs) the material is treated 6 hours with diluted HNO3 (HNO3:H2O – 1:1 – 32,5%) at 
125°C in the reflux equipment. They are then washed with destilled water until 
neutralisation and dried overnight at 108°C. It is also very important to ultrasonicate the 
sample before stirring so that a homogeneously dispersion is achieved. Otherwise, the 
nanotubes will congregate together due to its electrostatic forces and only the ones 
placed in the external core will open; the remaining ones in the centre are invariant. 
The ultrasonication time was set up at 10 min. 
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The result of the opening process can be appreciated in Fig. 4.4 and 4.5. 
 
 
 Fig. 4.4: TEM picture of CNTs after opening.       
          
 
Fig. 4.5: TEM detailed picture of the end of an 
uncapped CNT. 
 
4.2.4 Oxidation of the carbon nanotubes 
As it was largely explained in the previous chapters, to promote the incoming of 
platinum in the tubes, an oxidation step was proposed. The main purpose of it is to 
enhance the presence of acidic groups (namely –COOH, –OH) in the walls of the 
nanotubes so that they provide electrons which help to reduce more amount of 
platinum.   
The CNTs were treated with different acidic solutions to investigate their effect and find 
the acid combination with best results. The three chosen options were: aqua regia 
(HNO3/HCl, 1:3), piranha solution (H2O2/H2SO4, 1:4) and HNO3/H2SO4, 1:3. All 
experiments were performed with 20 mg of opened CNT and 40 ml of the desired 
solution. An intensive study of different temperatures and different times was done, 
with values ranging from room temperature, 50°C and 70°C and 3, 6, 24 hours, 
respectively. All experiments were performed in a reflux equipment for the selected 
time and temperature. All samples were previously 10 minutes ultrasonicated and after 
the oxidation process filtrated, washed until neutralisation and dried at 108°C overnight. 
The investigation of the oxidized samples was done by means of Raman spectroscopy 
and by a qualitative observation of the samples in the SEM. 
Raman spectroscopy is also a qualitative method of characterisation of CNTs. Spectra 
of CNTs have two important characteristic peaks: one corresponds to the graphite, 
(1500 cm-1) and known as G-band, and the other one corresponding to the defects 
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present in the skeletal of the tubes (1300 cm-1) and known as D-band. The relation 
between the intensities of both peaks (D/G) gives a number which can be qualitatively 
used to compare the samples between each other.  
 
 
 
Fig.4.6: Representation of the D- and G-band in CNT, [61]. 
 
4.2.5 Filling of the carbon nanotubes 
The CNTs were all filled with the same procedure. For the first experiments, a small 
quantity was prepared; 250 mg of C9H16Pt were diluted in 5 ml acetonitrile, mixed with 
5 mg CNTs and ultrasonicated for 10 minutes. The sample was refluxed during 24 
hours at 80°C. Thereafter, the sample was filtered, washed with 10 ml of CH3CN and 
dried overnight at 108°C. Once selected the best conditions, larger amounts of 
nanotubes were prepared. Maintaining the same relation, 14 mg of CNTs were diluted 
in 14 ml CH3CN and mixed with 700 mg C9H16Pt. 
For some exceptional experiments, 1 ml formaldehyde (CH2O) was added to the 
solution to see the influence of a reducing agent to enhance the reduction of the 
platinum. 
 
The determination of platinum amount in the tubes was done by means of DSC studies 
and TEM images.  
The DSC experiments plot the loss of weight as temperature and time increases. The 
tubes start to burn around 400°C; the remains correspond to the platinum filling. With 
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XRD we investigated which platinum compound was left after burning, either pure 
platinum or platinum oxides. 
Due to the facility of the platinum to easily reduce to Pt ±0, a visual observation must 
also be done in order to discern whether the platinum has filled the tubes or the 
reduction was so fast that the main amount of it wets the outer walls of the tubes. This 
observation was made by means of TEM. 
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5. Results and discussion 
 
5.1 Oxidation and filling results 
Raman spectrograms of all oxidised samples can be found in the Annex. Values of the 
D/G ratio are presented in tables 5.1 to 5.3. Because of a motivation of defects with the 
oxidizing process, an increase of the D-peak is expected with an increase of 
temperature and/or time. The first experiments were performed with the aqua regia 
solution. As it can be seen in the comparative spectrogram from superposed individual 
spectrograms (Fig. A-l, a), the difference in the D-peak is almost insignificant which 
means that all conditions induce a similar oxidation grade. The values of the D/G ratio 
are also very similar. Taking into account that this analysis method is just qualitative, 
the results can be assumed to be the same. If we now compare these values with the 
D/G ratio from the initial nanotubes (just after the opening) which is 0.23, the oxidation 
with aqua regia can be considered of low potential. From here on, next experiments 
with the other two solutions were made for the two limit temperature values, i. e., at 
room temperature and at 70°C. 
 
Table 5.1: D/G ratio for aqua regia oxidation. 
 
 RT 50°C 70°C 
3h 0,26 0,23 0,26 
24h 0,22 0,24 0,26 
 
 
Results from piranha solution give higher D/G ratios compared to the initial nanotubes, 
so a higher grade of oxidation was achieved. Even though, no remarkable difference 
can be seen between different temperatures and times (Table 5.2).  
 
Table 5.2: D/G ratio for piranha solution 
oxidation. 
 
  RT 70°C 
3h 0,28 0,31 
24h 0,30 0,28 
 
 
Table 5.3: D/G ratio for HNO3/H2SO4 oxidation. 
 
  RT 70°C 
3h 0,47 0,73 
24h 0,49 0,54 
6h  0,82 
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The acid solution HNO3/H2SO4 presented the most interesting results (Table 5.3). First 
of all, the D/G ratios are the highest observed in these experiments; additionally, there 
is significant difference between the different temperature and time conditions. This 
difference is also clearly appreciated in the increasing D-peak in the spectrograms (Fig. 
A-lll, a). It can also be seen that the more influent parameter is temperature, more than 
time. For that reason, an additional experiment during 6h maintaining 70°C was also 
done. In this case, a clear rising from the D-band is observed. The only exception was 
seen for the 24h-70°C experiment, where a lower D/G value was found. This can be for 
example due to a bad preparation and positioning of the sample. In the Raman 
spectrometer, as there was no more sample available, the experiment could not be 
repeated. 
For a better comparison between the three conditions, in Fig. 5.1 is shown a 
comparison of the D/G ratio for the three acid mixtures at 3 and 24h oxidised for both 
25 and 70°C. It is good to see that H2SO4/HNO3 is in all cases the strongest mixture 
and the other two are more or less similar. Moreover, best results are observed at 
70°C. 
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Fig. 5.1: Comparison of the D/G ratio for all acid mixtures tested at 3 and 24h. 
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The defects can also be visualized by SEM. Fig. 5.2 shows the tubes after each 
treatment for the strongest mixture of acids (HNO3/H2SO4). Defects can be observed as 
discontinuities in the outer surface of the tubes and as undulating walls instead of 
perfect aligned walls like Fig. 4.3. At room temperature, some discontinuities can be 
detected in some tubes (green circles) but not really noticeable. The clearest ones are 
seen at 70°C for 3h; after 24h at this temperature, tubes where degradated and stuck 
together because of a too strong oxidation (Fig. 5.2, d). 
 
 
a: RT -3h 
 
b: RT -24h 
 
c: 70°C -3h  
 
d: 70°C -24h 
Fig. 5.2: NanoSEM images from CNTs treated with HNO3/H2SO4 at different times and temperatures. 
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The filling step was done with samples oxidized at room temperature during 3 and 24h, 
and at 70°C during 3h, as well as the 6h sample. DSC measurements were done in 
order to investigate the filling grade. Numeric results are found in Table 5.4 and 5.5. 
Calculations for the mg values are done considering 5 mg of CNTs. 
 
Table 5.4: DSC results for a) HNO3/HCl, b) H2O2/H2SO4,, c) HNO3/H2SO4. Each value represents the %wt 
of platinum. 
 
a   b   C 
  
(%wt) RT 70°C RT 70°C RT 70°C 
3h 1,9 0,2 - 6,4 3,7 13,1 
24h 0,9 - - - 11,9 - 
6h - - - - - 20,9 
   
 
   
 
Table 5.5: DSC results for values of Pt mg in 5 mg sample.. 
 
a   b   c 
  
(mg) RT 70°C RT 70°C RT 70°C 
3h 0,10 0,01 - 0,34 0,19 0,75 
24h 0,05 - - - 0,68 - 
6h - - - - - 1,32 
 
 
From these results, the more platinum content is seen again by the CNTs oxidized with 
HNO3/H2SO4 pointing to the initial idea that the more defects induced in the CNTs, the 
more platinum reduced during the filling process. A typical DSC diagram is seen in Fig. 
5.3. The remains of the sample after the CNTs were burnt were investigated in the 
XRD. Fig. 5.4 shows that the ultimate element which remained after the burning of the 
tubes is platinum. From this evidence it can be assured that the reduction process was 
successful and CNTs were filled with platinum. 
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Fig. 5.3:  DSC experiments. 
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Fig. 5.4: XRD from the remains of the DSC experiments. 
 
The sample oxidized with H2SO4/HNO3 at 70°C during 3h and 6h were additionally 
filled with formaldehyde in order to enhance the platinum reduction. DSC 
measurements gave a value of 93,4%wt. for the first one. Investigations in TEM, 
presented in next paragraphs, proved that almost all platinum was placed out of the 
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tubes. In the first experiment, formaldehyde was introduced in the reflux from the 
beginning of the 24-hours filling process. After noticing that the CH2O reduced all 
platinum very fast preventing it to fill the tubes, in the second experiment the reduction 
agent was added 4 hours before the end of the process. In that case, the platinum 
amount was of 9,5% and further investigations showed also a reasonable platinum 
quantity on the outer walls. The formaldehyde effect discussion is done with its 
corresponding TEM images. 
On the other hand, the best oxidation conditions which lead to a high amount of 
platinum filling were selected to produce a larger quantity to investigate with NMR. For 
such big quantities, another intermediate compound was found in the DSC measures 
(see Fig. 5.5) as well as a less remaining platinum quantity. If we think about the 
difficulty of CNTs to disperse in solvents, it can be thought that when increasing the 
amount of material, the dispersion becomes dramatically difficult and the filling process 
is not homogeneous in the whole sample. Agglomeration of the tubes implies a bad 
interaction between the CNTs and the platinum compound and therefore the reduction 
potential decreases. Under these conditions, the possibility of an intermediate platinum 
compound formation in the +2 oxidation state appears to be the easier reduction path. 
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Fig. 5.5: DSC experiments. 
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In that case, additional XRD experiments were performed to those samples which 
presented this second behaviour (Fig. 5.6). The investigation was done with samples 
after filling, i. e., CNTs and its filling. 
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Fig. 5.6: XRD from filled samples. 
 
Fig. 5.6 shows the comparison of two investigated samples with pure platinum 
reference and its oxide. The sample filled with formaldehyde presents the most 
characteristic platinum peak. Therefore, it can be assured again that the metal present 
in the sample is pure platinum. The other sample had a lower concentration, so no 
perceivable platinum peak was observed ―note that the peak around 30° for 2θl° 
corresponds to graphite―. In that case it cannot be assured that no other platinum 
compound is present in the sample as several reasons have influence in the XRD 
method. For example, if the hypothetic compound is not crystalline, i. e., it is 
amorphous, no signal can be received; neither for particles smaller than ~2 nm nor with 
a smaller total amount than ~5%. For these samples, further investigations with more 
advanced techniques should be carried out in order to characterize the intermediate 
compound.  
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Additional qualitative charachterization of the filling grade was done using the EDX 
technique. Results are shown in Fig. 5.7. Again, the highest platinum content was 
found for samples prior oxidated with H2SO4/HNO3 (Fig. 5.7, c). The use of 
formaldehyde shows here again a high yield of metal. 
 
 
 
 a 
 b 
 c 
 d 
 
Fig. 5.7: EDX from the filled samples oxidized at 70°C during 3h with:  a) HNO3/HCl, b) H2O2/H2SO4 , c) 
HNO3/H2SO4, d) with formaldehyde.  
 
For the sample oxidized with H2SO4/HNO3 at 70°C during 6h for the NMR investigation, 
two EDX measurements were performed (Fig. 5.8 a, b). As it can be seen, both 
spectras present different values of platinum content which is explained because of the 
bad distribution of the sample during filling and therefore causing big inhomogeneities 
inside the same type of sample. 
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a 
 
b 
 
Fig. 5.8: EDX from the filled sample oxidized at 70°C during 6h with H2SO4/HNO3. 
 
 
To continue, most significant TEM images are discussed in the next paragraph. All 
filled samples were intensively investigated by means of transmission electron 
microscopy, but just the more relevant are here included. 
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Previews results had shown that aqua regia is the worst case. With a filling grade 
around 2,5% it is clear that the tubes will be almost empty. Pictures in Fig. 5.9 have 
been selected as the ones presenting something similar to platinum on the outer shell. 
Green circles indicate some of the places where these traces are. They look like 
shadows and seem like a little group of fine particles sticked on the external walls of 
the tubes. Images are in accordance with Raman and DSC results. 
 
     
 
     
 
Fig. 5.9: TEM photos for aqua regia oxidation, 70°C – 3h. 
 
 
 
 
 
 
 
a b 
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For piranha solution, the tubes are most of them empty (Fig. 5.10, a). Surprisingly 
some tubes were found to be quite filled inside the cavity (Fig. 5.6, b, c; green arrows) 
but the most normal image seen was like Fig. 5.10, d. Again, some nanoparticles were 
present in the outer shell of the tubes, which are expected to be from platinum; 
sometimes, small platinum clusters were found randomly distributed between the CNTs 
volume (green circles in Fig. 5.10, a). From the oxidation results, piranha solution was 
expected to be of higher strength as aqua regia but still below the high oxidative power 
of the third acid combination, i. e., H2SO4/HNO3.   
 
     
 
    
 
Fig. 5.10: TEM photos for piranha solution oxidation, 70°C – 3h. 
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Samples treated with H2SO4/HNO3 were expected to present more filling grade. The 
next images correspond all to the filling at best conditions. Green circles show again 
traces of the filling, green arrows show what seems to be for the first time a continuous 
filling. The shape of the filling is known as pearl necklace, as platinum is present as 
small particles aligned along the interior of the nanotubes (Fig. 5.11, d). 
 
     
 
    
 
Fig. 5.11: TEM photos for H2SO4/HNO3 oxidation at 70°C – 3h. 
 
 
 
 
 
 
 
Fig. 5.12 belongs to the same acid combination, at 25°C and 24h. Again, the filling is 
seen as small particles stuck in the outer shell of CNTs. Although one cannot assure 
a b 
c d 
c d 
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just from a visual analysis if particles are inside or outside, the morphology of this kind 
of samples look more like coating the surface rather than being inside the container. It 
corroborates that enlarging time and decreasing temperature has no advantageous 
effect. And so, the main factor is temperature. 
 
     
 
    
 
Fig. 5.12: TEM photos for H2SO4/HNO3 oxidation 25°C – 24h. 
 
The filling of the best results obtained at 70°C and 6h oxidation in Raman and DSC 
experiments is proven with TEM to be also the best. Fig. 5.13 shows some images of 
the sample. Again, the type of filling is pearl necklace and this time is clearly seen 
inside the tubes. No more or just a little particles are seen outside the tubes, and the 
platinum inside is well defined and with an average particle size in the range of 
nanometers. Photos in Fig. 5.13 were taken from the first experimental sample, which 
was prepared with a small quantity of CNTs. Following samples prepared in bigger 
volume presented less filling which was more like Fig. 5.12. 
a b 
c d 
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Fig. 5.13: TEM photos for H2SO4/HNO3 oxidation 70°C – 6h. 
a b 
c d 
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For both 3h and 6h oxidation (H2SO4/HNO3, 70°C), additional experiments were done 
using formaldehyde as a reduction promoter. As it was already commented, in both 
situations platinum was found to be outside the tubes. Results were not improved when 
adding the reduction agent almost at the end of the filling process. 
 
    
    
Fig. 5.14: TEM photos for H2SO4/HNO3 oxidation at 70°C during 3h with formaldehyde. 
 
        
Fig. 5.15: TEM photos for H2SO4/HNO3  oxidation at 70°C during 6h with formaldehyde. 
a b
c d 
a b 
Platinum filled CNTs as temperature sensor for biomedical applications 
 
 
52 
The aim of adding formaldehyde was to promote reduction of platinum in the tubes. 
However, this compound was so strong that almost all platinum reduced before being 
capable to enter inside the tubes. Even though, some tubes presented filling (green 
circles). Fig. 5.14 and 5.15 show big clusters of the metal all out of the tubes. For the 
sample oxidized during 3h, platinum is seen more agglomerated and less connected to 
the tubes. In comparison, in the sample oxidized for 6h platinum is totally sticked on the 
surface of the tubes. This might be in accordance to the idea that the higher the 
oxidation degree, the more defects and therefore more platinum reduced. In this 
particular case where the reduction process is so fast, the effect of the generated 
defects has only influence on the surface. 
 
From this first experimental part, it can be concluded that H2SO4/HNO3 used for 6h at 
70°C is the best combination of acids, temperature and time conditions to promote 
oxidation of the tubes and make the reduction of a bigger platinum  quantity possible. It 
has also been seen that large amounts of CNTs sample are not optimal to be prepared 
because of an agglomeration of the tubes; the bad dispersion in the carrier solvent for 
filling  leads to an inhomogeneous filling with an intermediate compound which do not 
correspond to the desired pure platinum. The addition of a reduction agent has 
presented no improvement in the filling grade. 
 
5.2 NMR results 
5.2.1 Platinum reference 
The NMR experiments started with the characterisation of pure platinum powder as a 
reference material. Concerning the medical application of the present work, the 
magnetic field selected for all the investigation was ~ 5 Tesla. First of all, a calibration 
of the field was done using deuterium of D2O (γ = 6,5355 MHz/T). Using equation (3.5), 
we get a resonance frequency of 32,6775 MHz for a given field of about 5 Tesla. If we 
compare this calculated value to the actually measured one, i. e. 32,6674 MHz, we 
arrive at the actual field value inside the magnet: 4,9985 T. This will be from now on the 
value used for all calculations.  
On the other hand, platinum is a metal which has conducting electrons. These 
electrons introduce an extra effective field —or internal field— due to its orientation 
under the effect of the external magnetic field. Therefore, equation (3.5) must be 
rewritten as: 
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                                                   ( )int0 BB +⋅= γω .                                                  (5.1) 
 
The internal field causes a shift in the resonance frequency, known as Knight shift, and 
which in the case of platinum is temperature dependent. The Knight shift is calculated 
via: 
                                              
[ ] 100% exp ⋅−=
calc
calcK
ω
ωω
,                                         (5.2) 
where K is the Knight shift, ωexp and ωcalc are the experimental and the calculated 
resonance frequencies, respectively.  
At room temperature, the experimental resonance frequency of 195 Pt was found to be 
44,137 MHz; from equation (3.5), the calculated frequency accounts to 45,7522 MHz. 
From these values the Knight shift is -3,53% which is in accordance with the values 
presented in literature [62].  
The obtained 195 Pt–NMR signal is depicted in Fig. 5.16. As it can be seen, the signal is 
sharp and intense.  
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Fig. 5.16: NMR signal of pure platinum powder. The x-axis shows the difference to the resonance 
frequency ∆ω. 
 
First measurements were performed with a pulse width (pw) of 4,5 ms for a 90° pulse. 
Experiments were done for 292 K ≤ T ≤ 360 K, including measurements of T1 and T2 as 
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well as of the Knight shift, the latter shown in Fig. 5.17. As it can be seen from the plot, 
the Knight shift becomes larger as the temperature increases with a relation of 29 
ppm/K. 
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Fig. 5.17: Temperature dependence of the platinum Knight shift. 
 
 
Fig. 5.18 shows an example of the curves obtained for T1 and T2.  
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Fig. 5.18: T1 recovery (a) and T2 decay (b) as function of time at 297 K for pure platinum powder.
 
For a final analysis, T1 and T2 values from all temperatures were plotted together (Fig. 
5.19). T1 and T2 are usually represented as 1/T1 and 1/T2, respectively, which represent 
the rates of recovery. The 1/T1 plot shows an increase with temperature, while 1/T2 
decreases with increasing temperature. As seen in the y scales of both graphics, the T2 
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relaxation occurs more rapidly than the T1 recovery, as expected. A linear fit is 
proposed for both behaviours, y = a+bx, where fitting coefficients are a = 2370 ± 719, b 
= 23,3 ± 2,2 (r2 = 0,9155) for 1/T1 and a = 85,5 ± 2 and b = - 0,12 ± 8·10-3 ( r2 = 0,9466) 
for 1/T2.  
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Fig. 5.19: (a) 1/T1  and (b) 1/T2 as function of temperature for pure platinum powder.
 
The slope of the fit represents the temperature resolution expected for this material and 
which in this case corresponds to a value of ~23 (1/(s·K)). This is a promising result in 
comparison with the ones found for previous studies with cuprous halides [54]. Table 
5.6 show the values found in the mentioned experiments. 
 
Table 5.6: Temperature sensitivity parameters of several filled CNTs. 
Material Nucleus d(T1-1)/dT (1/(sK)) 
CuI-CNTs 63Cu 0,27 
 
127I 0,86 
CuBr-CNTs 63Cu 0,15 
 
81Br 0,75 
CuCl2-CNTs 63Cu 0,23 
  
35Cl - 
Pt 195Pt 23 
 
 
On the other hand, this numbers are in agreament with the expected behaviour of 
metals. Easy metals are known to obey the Korringa relation (5.3); on the contrary, 
transition metals as is the case of platinum do not obey this rule. Calculations done 
from the data do not follow equation (5.3). 
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To conclude, it can be said that platinum shows temperature –dependent NMR 
parameters, in particular the Knight Shift yielding a temperature resolution of 29 ppm/K. 
On the other hand, temperature is detected in the range of biological interest (290 to 
360K) with a temperature sensitivity of parameters of 23 1/(s·K) by means of the spin-
lattice relaxation measurement. 
 
5.2.2 Platinum–filled carbon nanotubes  
As a next step CNTs samples with the best filling grade were tested in the NMR under 
the same conditions. No signal was found for any of them. Therefore, additional 
experiments were performed in order to determine the minimum quantity necessary to 
detect a NMR signal with the available equipment. Pure platinum powder was tested in 
a tube of φ = 5 mm and l = 2,5 cm. A visible NMR signal appeared down to 6 mg 
powder. None of the filled tubes achieved such a platinum concentration inside them. 
However, the sample treated with formaldehyde, which had a total amount of ~ 90%wt 
platinum (~45 mg Pt/5 mg CNTs) in- and outside the tubes presented a signal (Fig. 
5.20): 
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Fig. 5.20: NMR signal of platinum filled CNTs. 
As it can be seen, the signal emitted by the platinum present in the CNTs, found at 
35,433 MHz, is much broader than the one of pure platinum in Fig. 5.16. The main 
reason of this broadening comes from the fact that the filling in the sample is very 
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inhomogeneous; some of the platinum is indeed inside the tubes but most of the metal 
is found as big clusters surrounding the outer walls of the CNTs (see Figs. 5.9-10). The 
difference in the platinum distribution of the sample causes different local environments 
which induces different local magnetic fields.   
A resonance frequency scan was also done at room temperature and at 320 K to get 
the shape and full width of the signal (Fig. 5.21). In accordance to the plot, a large 
distribution of resonance frequencies is observed. Again, this broad distribution is 
prompted by the filling inhomogeneity and its subsequent different behaviour of nuclei. 
This fact implies that when a measure is done at a specific resonance frequency, just a 
few nuclei are giving response, i. e., we are evaluating a small window from the whole 
rank. A shift in the two signals is seen. 
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Fig. 5.21: Frequency scan of the platinum filled CNTs. 
 
From the sample, T1 measurements were also performed. They are depicted in Fig. 
5.22. The large error bars present in every measure are due to the small signal 
intensity which has fundament again in the large distribution of resonance frequencies 
already mentioned (see Fig. 5.21). In this case, no clear tendency is observed. 
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Fig. 5.22: 1/T1 as function of temperature of Pt-filled CNTs. 
 
Figure 5.23 shows the comparison between both signals: the one obtained from the 
pure platinum powder sample and the one obtained from the platinum present in the 
CNTs. As it can be seen, the NMR signal in both cases is found in the same resonance 
frequency; the main difference is the line width which in the case of Pt-CNTs is much 
broader and it makes the acquisition of good data difficult. 
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Fig. 5.23: Comparison of signals obtained from filled CNTs (up) and pure platinum powder (down). 
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In conclusion, none of the optimally filled CNTs gave a NMR signal as expected from 
the minimal platinum amount of ~6 mg detectable in the used NMR set-up. The main 
reason is the small platinum quantity inside the tubes. On the other hand, from 
experiments with filled CNTs with also a big amount of platinum outside the tubes a 
NMR signal was obtained. It was very broad because of an inhomogeneous filling 
which caused different local fields. This fact also had effect on the signal intensity, 
which was decreased and the large error bars present in the relaxation times 
measurements.  
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6. Conclusions and outlook 
 
From the results of capillarity and wetting, a filling of the nanotubes is expected. 
Although platinum itself presents a higher value of surface tension than the cut-off 
value found for CNTs, it has been proven that using acetonitrile as solvent the platinum 
compound is successfully carried inside of the tubes. TEM images of the tubes show 
that they are indeed filled, its degree depending on the previous treatment of the 
sample. It is also good to notice the effect of formaldehyde. Although the initial 
objective was not achieved —to make the filling step easier—, it demonstrates that 
wetting in CNTs exists as all platinum is seen wrapping the surface of the tubes; 
therefore capillarity is possible and filling also. 
On the other hand, filling was promoted by generating acidic groups on the surface of 
the tubes in order to be capable to have more free electrons and reduce a bigger 
amount of platinum. Raman spectroscopy, DSC and TEM analysis demonstrated that 
the more existing defects in the CNTs, the more quantity of platinum was reduced. For 
this oxidation step, a combination of three strong acids was used. Best results were 
found with the mixture of H2SO4/HNO3 at 70°C and 6h with a mean value of 20%wt 
platinum reduced. The aspect of the filling is a quite homogeneous distribution of 
nanometric particles inside the hollow cavity of the tubes. The use of an additional 
reducing agent did not help the entrance of the metal in the tubes but generated big 
clusters of it outside the carbonaceous sample.  
From the DSC results, the formation of a compound with a valence between platinum 
in the initial compound and the pure one after reduction can be expected. This 
compound only appears when big quantities of oxidized and filled nanotubes are 
prepared. A possible explanation could remain in the fact that for such big amounts of 
sample, a good dispersion has to be assured; otherwise, the tendency of the 
nanotubes to agglomerate together would difficult the homogeneous oxidation among 
the totality of the sample and its consequent filling. For coming experiments, it is 
recommended to use a dispersion element or ultrasonicate the solution for a longer 
period of time. 
Although the use of formaldehyde did not have the desired results, samples were 
anyway tested in NMR. They presented a big but broad signal due to the 
inhomogeneous distribution of the particles in- and outside the tubes. Also because of 
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that reason, the temperature dependence was not successfully characterised, as no 
clear tendency was found.  
The characterisation of pure platinum, on the other hand, presented encouraging 
results. First of all, its signal was large and sharp; secondly, a clear temperature 
dependence was observed and characterized in the range of the medical purposes. 
 
To conclude, it can be said that CNTs were successfully filled with platinum by means 
of reduction of an organic compound. The filling grade found was larger than the one 
from previous investigations although still not enough to get signal in NMR 
experiments. On the other hand, platinum obtained using this process gives a NMR 
signal which can be characterised, so that altogether promising results can be 
expected in further investigations. 
 
With all these results, platinum is still thought to be a good candidate as temperature 
sensor for biomedical applications. In future investigations, the filling step should be 
more optimised, together with the oxidation step in order to get a bigger amount of the 
metal inside the tubes. 
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Annex 
  
Fig. A-: Raman comparing spectra for aqua regia oxidation 
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Fig. A-ll: Raman comparing spectra for piranha oxidation 
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Fig. A-lll: Raman comparing spectra for H2SO4/HNO3 oxidation 
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of sample. 
a 
b 
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